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FOREWORD

This is the Final Report for Contract NOOO19-72-C-0271, Department of the Navy,

Naval Air Systems Command, The work covered in this report was completed during
the period 6 April 1972 to 6 April 1973 and is an extension of work Jdone under previoes
NASC contriacts beginping 1 January 1971, These mvestigations were performed by the
Material & Process Technology Laboratories (MEPTL) of the General Flectrie Companv,

The Project Engincer for the Department of the Navy 1 Mr. L Alachlin, The Prneipal

Investigator for this prooram is Dr, R, E, Allen. with Dr. C. A Bruch as Procram
Manmger.
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ABSTRACT

An investigation of oxide dispersion strengthening (ODS) of oxidation r 'sistant FeCrAlY
allovs was conducted using argon atomized prealloved powders und a modified SAP
technique. The main cbjectives were to: improve surface stabnlitv: establish uniform
powder pre-oxidation techniques; and improve the stress-rupture properties to the level
exhibited by TD NiCr sheet. Incredsed chronuum content proved very successful in
eliminating “breakway” oxidation. Sereral powder pre-oxidation techniques were identi-
fied which provide uniform oxidation and prevention of nitroven contamination.  Tarcet
weight gains were consistenty achieved. Ruplure stress of the ODS FeCralY bar was
raised to the 9.0 ksi level through the sdditinn of 6 v o oxide and is now comparable ia
strength to TD NiCr at temperatures above 2000F.  If a deasity correction is applied o
the rupture stress, QDS FeCrAlY is superior to TD NiCr at temperaiures above approxi-
mately 1800F,
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1.  INTRODUCTION

The objective of this program was the development of combined properties of strength,

ductility and oxidiution resistance in the FeCrAlY alloy svstem at temperatures in the

2000°F to 2500°F range. This system was seleeted beciuse many of the alloys possess

exceltent surface stability (oxidation hot corrosion resistanee) althouch they normally

hive poor mechanical properties at these temperatures.  The principle task then was to

improve structural properties without deyrading surface stabilitv.  These improvements

were sought by oxide dispersion strengthenine, l

Previous offort in this prosram (1. 20 3) has centered around the oxide dispersion !
strengthening of two mutrix chemistries Fe-25Cr-4.A1-1Y (Allay 2541 wund Fe-15CR- J:\l- ‘
1Y-1Ch (Alloy 1551-1Ch).  Oxide additions were made by the SAP technique; i, ¢, pre-
oxidiation of atomized powder followed with densificiation by oxtrusion,  Larce «loncated
interlocking textured prain structures were achieved sn both alloys by controlled thermo-
mechanical sheet rolling proeesses,

Static oxidation resistance of Allov 2541 and Fe-15Cr-5A1-1Y (AHov 1551 was not affi-cted
by the addition of 1 to 4 v o oxide. A thin tichtly adherent oxide film was formed and no
intergranular attack, no internmal oxidation and no depleted revion wias observed in static
cvelic exposures of 2000°F 500 hours amd 2300°F 100 hours.  In addifion, stitice air
oxidation kinetics of ODS Allov 2541 were not accelerited ho exposure to 2100°F Mach 1
gases for 100, one-hour cveles.

The 1971 program consisted of two parts: one a partial scale-up ot the best 1970 process
and the second, an investization aimed at increasing hich temperature prnp('rtivs. The
scate-up cffort was for proauction of 12 wide sheet of Fe-15Cr-6A1-2Y (15362 . 4 v
oxide. Properties of this sheet were higher than were obtained durm-., thc- 1970 prouram
(N00019-70-C-0232) on small samples. In addition. loncitadinal and transverse properties
of the 12" wide sheet were nearly equivalent and were hicher than T NiCr transverse
sheet properties at Larsen Miiler parameters above 72 (C - 23 as shown in Ficure 1, In
the investization aimed at increasing propecties it was found that the rupture stress ot ODS
FeCrAlY bar was almo:t 80 percent higher than that observed in sheet, A vraphical
compirison of TD NiCr sheet and ODS FeCrAlY bar s given in Ficure 2,

Long time (10, 000 hours) hot corrosion testing at 1600°F and 1800°F indicates that ODS
FeCrAlY is extremely resistant to attack and is far superior to any commerciial nickel or
cobalt base alloy.

In order to widen the range of potential appliciation, further strenpthening was being sousht

in the program described here. The best alloy produced to date represented an improve-

ment of more than 20 times the 1000-hour rupture stress of the base Allov 2541, This

was achieved with no degradation of oxidition resistance, The goal of this program was to

obtain an additional 50 percent strength increase in FeCrAlY alloys also without degrada-

tion of surface stability., This was attempted in a processing study aimed at refining pro- ;
cedures and chemistry of FeCrAlY alloys,
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2. PROCESS DEVELOPMENT

2.1 POWDER PROCUREMENT

Three alloy chemistries of -325 mesh argon atomized powder were purchased from Alloy
Metals, Inc. Nominal chemistries of these alloys in weight percent were: (1) 15Cr, 6Al,
2V {Ally, 13C2): {2) 20Cr, 6A1, 2Y (Alloy 2062): +nd, (3) 25Cr. 6A1, 2Y (Alloy 2562),
Atomization was conducted from an induction melt of virgin material and atomization nozzie
piarameters were adjusted to give a high vield of -325 mesh powder. Chemical analysis of
these three powders are shown in Table 1. The oxyeen level shown is higher than normal
for argon atomization and is attributed to the very fine particle size compared to normal
gas atomized powders. Since the powders were to be preoxidized before extrusion, the
high oxygen level was not anticipated to be deleterious,

2.2 POWDER PREOXIDATION

Oxide addition to these powders was accomplished by preoxidizing the powders as in the
SAP technique. This was anticipated to produce a thin shell of A1203 on the surface of
each spherical powder particle. Preoxidation of small quantities of powder in thin lavers
on a metal tray was conducted quite successfully in an carlier program 1), When larcer
batches of powder were preoxidized in air, however, nitrogen contamination problems
were encountered (3), In order to avoid nitridation, a subsequent effort was conducted in
pure oxygen, In this case layering effects of nonuniform oxveen concentration were found
in the large powder batches. Not only was the oxidation nonuniform on a macro scale but
when individual powder particles were examined, micro scale nonuniformities were
observed. Subsequent analvsis showed these to be related to the “break away™ oxidation
phenomenon reported in Ni, Co and Fe base MCrAl by Stott, ¢t al (4),  The phenomenon
was found ) in alloys of the MCrAl family which were low in Cr content, Sporadic, rapid
oxidation rates were observed in such alloys as a result of forming other oxides than the
protective Al9Og scaie. In cases where break away oxidation was observed in FeCrAl, the
vuter scale formed F¢304. An inner scale of complex Cr203, Fe3O4. and AlpO3 oxides
resulted from rapid internal oxidation. The occurrences of break uway oxidation found
previously in some 15% Cr FeCrAlY powders was thought to be attributable to the very
high surface to volun:~ ratio found in these powders. Thr formation of the thick oxide scale
on powders was de'cterious to the final oxide dispersion also, because such massive oxides
carried over into tae densified product where they appeared as very large stringers, In
addition to their urndesirable size and distribution, these clumps are expected to be unstable
because they shouli be reduced by Al in solid solution to form Al1203.

In order to eliminate these problems from the preoxidittion step, a detailed study of powder
preoxidation was undertaken in this program. Studics were performed to establish conditions
for the preoxidation of the three compositions to 1 w/o and 2 w0 oxygen (4 and 8 v, o oxide).
These included the determination of weight change as a function of powder compaction,
temperature, ime and powder depth. Small porcelain erucibles containing various depths

of powder, rani:ng from 0.1" to 0, 8" were placed in a tray and inserted in a glo-bar heated
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box furnice. The powders wzre cooled, weighed and inspected for oxidation uniformity
(based on color) at times of approximately 2, 4 and 20 hours. The results are shown in
Tables II, III and IV. In the design of the experiment it was believed that it would be
possible to determine a safe working powder depth by varving the powder level, However,
4s cian be seen from the data (Table ) the 2062 ulloy preoxidized at 1400°F and the 2562
alloy preoxidized at 1200°F (Table V), the weight change vs, powder depth measurement
does not appear to be sensitive enough to detect Luyering effects that were obvious by color
changes. The deeper samples, 14, 15, 18, 41, 42 and 45 showed color transitions at 0, 4"
and 0,5,

Specimens of each composition were selected from the preoxidation studies and were
evialuated for uniformity of oxidation. Analysis of the oxide formation was performed using
a scanning electron microscope (SEM) and encrpy dispersion analysis x-rav (EDAX) equip-
ment. The SEM/EDAX anitlysis and photos itre shown in Figures 3, 4 and 5. Alloy 1562
(Spec. 7 of Table Ii) of Figure 3 which was preoxidized at 1100°F for 22 hours in air to 1, 2
w/0 oxyuen appears to have some evidence of breuk away, Althouzh not as severe as was
observed in an earlier program(3), the lack of protective AlpOg scale is illustrated in
Figure 3 may be observed along with the appearance of the inner complex oxide scale
normally observed during break away oxidation. The 2062 material (Spec. 26) of Table I
oxidized at 1200°F for 20 hours in air, to 1.4 w o and the 2562 (Spec. 43 Table [V) oxidized
at 1200°F for 4.2 hours in air to 1. 1 w. o showed no evidence of break away oxidation s
shown in Figures 4 and 5 respectively,

The safe working depth of the preoxidation of FeCrAlY -325 mesh pr wder was determined
to be approximately 0.3". Subsequently several preoxidation runs were performed in o
common glo-bar heated box furnace using shallow travs approximately 127 square and a
powder depth of 1,47, Information about these runs are shown in ‘table V,  Using tinie-
temperature parameters tailored for vach FeCrAlY compaosition, this technique has dem-
onstrated reliability in obtaining predicted weight wiins of 1/ and was used f5r the pro-
cessing of pilot scale extrusion studies. Oxidation uniformity based on color was excellent.,
Vacuum fusion analysis for Og and N2, both before ind after furniace exposure, are shown
in Tuble V. The oxygen contents determined by viccuum fusion are fairlv consistent with
weight change measurements made on small smaples which were exposed sirwultaneously

in small porcelain crucibles., Past experience had indicated the weight chanee Jdetermina-
tions to be more reliable than the vacuu n fusion results but vacuum fusion results are
becoming more accurate and precise wita the combination of improved amilstical procedures
and more uniform preoxidation. No nitroren contamination wis observed in powder pre-
oxidized at a 1, 4" depth or less.

Two approaches that were more favorable for the production of large quantities were
investigated. In one approach the preoxidation was conducted in a rotary ki'n where

fresh material was continuously exposed to the oxidizing environment. A five pound batch
of Alloy 1562 was preoxidized in a gas fired calciner at Bartlett-Snow Corp., Cleveland,
Ohio*. This resulted in a very uniform oxidation of the powder indicating that this approach
should effectively eliminate the layvering previously encountered in large batches. The five-
pound batch was tumbled for six hours at a meun temperature of 1100°F, Temperature

*Bartlett-Snow Corp. manufactures caleiners. They do not normally operite as a heat
treat service function but were cooperative in this program in order to increase their
technical background and in order to promote utilization of their equipment,
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control was poor (1060° to 1200°F) and contamination from a coarse refractory-like sub-
stance was found throughout the powder. Since the contaminant was coarse, sieving through
4 -325 mesh screen seemed to be successful in separating the contaminant from the FeCrAlY.
Semiquantitative spectrographic analysis conducted after screening showed no evidence of
foreign material, Both visual examination of the powder and metallographic examination of
the extruded billet indicated the preoxidation was very uniform. Chemical analysis of the
powder before and after preoxidition is shown in Table VI,

An extensive search for itn available clean rotary kiln proved unsuccessful. This technique
is believed to be a good one but will be discontinued, at least temporarily until it hecomes
economically feasible to purchase or build equipment solely for FeCrAlY use.

The other scale-up approach was a "moving-tray” experiment. A five-pound batch of Alloy
2062 was preoxidized at the Electric Furnace Co., S2lem, Ohio. Two shallow trays were
moved through an electrically heated roller convevor furnace system having a 12 foot long
hot zone. The furnace exposure was 1175°F for 4 hours in air. Two small porcelain
crucibles containing equivalent depths of powder were placed in each tray so weight ¢ain
determinations could be made.

The results were the same as obtained in the static tray runs. The target 17 weight gain
was itchieved and color change and uniformity was excellent. There was some evidence of
a trace amount of furnace brick refractory deposit on the surface of the powder (also
cxperienced in the static tray runs) but was easily remov.d from the sintered powder with
a blast of air. Semiquantitative spectrographic analyses of the powder before and after
preoxidation are shown in Table VII. Ultimately a solid conveyor belt feed by @ hopper
could be used. Both techniques offer good control and quantity,

2.3 EXTRUSION

Consolidation and primary TMP of the ODS FeCrAlY alloys were accomplished by extrusion.
The preoxidized powders were blended in a twin shell blender to minimize any inhomo-
geneities that could have occurred and then loaded into mild steel extrusion capsules, De-
sign of the capsule, shown in Figure 6, is 3 in diameter x ~ 87 long witha 1 8°to 1 4~
thick wall. The 1/8" thick plates at each end are necessarv to prevent gas leaking which
could occur when using nose and tail materials made from slices from hot rolled steel bar,
The continuous inclusion stringers in the hot rolled bar can act as a path for gas leakage,

Bulk density of the powder was increased to about 65 of theoretical by tapping on the side
of the container while loading the powder. Assembly of the billet was accomplished by TIG
welding. Final sealing was performed by EB welding & small hole at the rear of the can
afer an overnight (at least 16 hours) evacuation to 5 x 10-5 torr,

The FeCrAlY powder billets were extruded on it 700 ton press at Wright Patterson Air
Force Base in Dayton, Ohio. The extrusions were pushed at 1650° to 1750°F at a 16:1
reduction in area to 3/4" diameter rod. Appearance of the rods was good. They were
straight and had no external cracks. Sectioning the rods at several locations determined
the FeCrAlY core to be sound and of good configuration: the cross section was round with
a uniform mild steel jacket approximately 0.060" thick and there was no apparent variation
in uniformity along the length.

[ .




Density of the FeCrAlY core averaged 7.034 gms ce. Theoretical density of the ODS
FeCrAlY is unknown but metallographic examination indicated there was no porosity
present,

The m.crostructures of the extruded 2062 and 2562 allovs can be seen in Figure 7.
Transverse and longitudinal views are shown at 500 times their actual size. Both com-
positions have ..imilar appearance. The originally spherical powder particles were
reduced in cross sectional ares and elongated by approxinuicly 16 times by extrusion,

- Oxide particles formed during break-up of the preoxidized film on the periphery of the

particles were strung out in the direction of extrusion. These prior particle boundary
oxides which were formed at the low preoxidation temperatures then evidently reacted at
higher temperatures with the yttrium in the powder to form a more stable and uniform
dispersion. The origin of the relatively oxide free regions in the material are not under-
stood but may be simply the largest size powder particles,  These recions were prone to
primary recrystallization and :ire believed to be devrading to the stremth of the material,
Scanning electron micrescope analysis was unsuceessful m distinguishing any variation in
chemistry from one particle to ancther,  Yttrium content is low in these FeCrAlY allovs
and is not readily detectable by SEM analvsis even in the heovily disper sioned areas,

Subsequent to extrusion, the materials were heat treated at 2400 F for 2 hours and examined
metallographically for exagrerated cruin growth.  Maero etchine the FeCrAlY in HCL .
H202 solution revealed no griain growth response.  Therefore, sceondars TMP workin:
techniques were necessary to produce the desired Lirve cloneated crains,

2.4 ROD HOLLING

A rod rolling study was conducted to establish rolling temperature and amount of reduction
necessary to produce the desired vrain crowth in a subsequent recrystallization treatment,
Alloys 1562, 2062 and 2562 all containing 4 v o oxtde were rod rolled at 1409°F to o total
of 60’ reduction in area. Rolline was performed with the FeCrAlY core still in the mild
steel extrusion jacket. The material was reduced 100 vaeh pass. rotatinge the rod 90°
between passes. Attempts to rod roll the FeCralY without the nuld steel jacket or in-
sert’. 'y into stainless steel tubing proved unsuccessful. The allov suffered surface coackmy
and recrystallized to a duplex grain structure: i, ., small vrains near the surface and
large near the center. The cladding helped to retain the heat and also acted as 4 lubricant
which promoted a more uniform strain in the Luteral direction. Sinall sections approxi-
mately 3,4 long were removed from the rod at 20 and 40 reduction levels,

All three reduction levels were heated at 2400°F for 2 hours to check for recrvstallization
response. Virtually all samples exhibited the desired growth., The results dre shown
photographically in Fizure 8. The grain size varies as a funetion of percent reduction and
chromium content. The higher the reduction, the smaller the grain size. The higher the
chromium content the smaller the grain size,

Additional rod rolling experiments determined good recrystallization response for a 20 |
reduction could be achieved in Alloy 1562 by rolling at 1500°F, Allov 2062 at 1550°F and
Alloy 2562 at 1600°F. This resulted in a comparable grain size for all three compositions,
The macrostructures of Alloy 2062 and 2562 specimens are shown in Figure 9, Grain size
is large, has a high aspect ratio and good uniformity throughout the cross section,




3. EVALUATION AND DISCUSSION

3.1 THERMAL STABILITY STUDIES

Iron base alloys such as ferritic stainless steels, FeCrAl and FeCrAlY alloys are subject

to low temperature aging effects. Two senarate low temperature phases are involved, »

and 0. Alpha prime is the Cr-rich solid solution phase that precipitates at temperatures
below 970°F. Sigma, a nearly equiatomic Fe-Cr phase occurs at temperatures below 1500°F,
Both phases are brittle and can cause delcterious effects on ductility,  Although aging

studies have been conducted in cast and wrought FeCrAlY alloys, the influence of the oxide
-particles wits unknown, Hence. several ODS alloys were prepared and aged to investigate

the aging behavior of these alloys,

3.1.1 Low Temperature Aying Experiments

Powders of Alloys 2062 and 2562 were preoxidized to 1 weight gain and extruded at 1650F
16X in a single step. Three foot lengths of these materiitls were rod rolled as follows:
2062 + 4 v,0 - 1550°F /20" reduction and 2562 + 4 v,0 - 1600°F.20'¢, These rolling sched-
ules were sclected because they yield the same recrystillized grain size in each material,
This rolled stock was cut into 6 lengths and directionally recrystallized (DR) at approxi-
mately 2500°F using 2 inches per hour rate of travel through a temperature gradient of
approximately 300°F, inch. The resulting microstructures itre shown in Figure 10, Grains
approximately 1/8" in diameter traversed the entire length of the sample. Coin shaped
specimens were cut from the 6" long bars and these, along with theremiining lengths or har
were used in the aging study, In addition to DR 2062 + 4 v o and DR 2562 + 4 v 0, coin
shaped specimens of cast and wrought Alloys 1541 and 2541 were also used in the studv, In
order to determine the influence of starting microstructure, as-rod-rolled specimens of
Alloys 2562 + 4 v/o and 2062 + 4 v 0 and as-extruded 1562 + 4 v o were also exposed in the
aging study. Chemistries of all «tarting materials are given in Table VI,

Agiag exposures were conducted in o' and o regions of the phase diagram shown in Figure
11(1), Rockwell C hardness measurcments were taken on samples of atl alloys after various
cexposurce times at 842 and 1025°F, These data are shown graphically in Figures 12 and 13
and Tables IX and X, As is shown in the graphs, o' precipitation caused an appreciable
increase in hardness. Exposure in the o region at 1025°F on the other hand, produced onlv
small changes in hardness, After 1000 hours exposure, the increase in harduess due to 4
was largest in the 25% Cr alloys and varied directly with Cr content.  Conventional cast and
wrought alloys also showed this same effect of Cr on hardness after aging,  The hardiness
increase experienced in 1000 hours at 842°F was larger in the conventional alloys than in

the ODS alloys of comparable Cr content. Thus the ODS 2562 alloy showed an inerease in

R, hirdness of 14 while the 25641 alloy increased by 23, Alloys with 15'¢ CF showed the
same trend: 1, €., ODS 1562 increased by 10 while 1541 increased by 16 units of Ry havdness,
Starting microstructure also played & role in hardness changes at 842°F as can be dedueed
from Table IX by comparingthe data from DR and rod rolled specimens at constant Cr
levels,  Changes in hardness werce larpest in the large grained DR alloys,  This may have



been due to concurrent recovery in the fine grained rod-rolled alloys since they contained
stored cnergy from the rolling process.

Samples of each of the ODS :lloys were taken after 500 hours aging at both ' and o forming,
temperatures for use in a solutioning study. Solutioning, of the proecipitate formed during
the 500-hour aging cycle was attempted at 1200°, 1300°, 1400° and 2000°F, Hardness after
varying lengths of time at cach of these temperatures is given in Tables Xand XII, These
data reveal that a dramatic reduction in hardness occurs in specimens containing o' (aweed
at 842°F) after only 5 minutes exposure at temperatures as low as 1200°F,  No additional
decrease in hardness is observed aft » longer exposure times at 1200°F up to 1 hour.

This same trend is scen at both 1300°F and at 1400°F,  After solutiomng the o at 1460°F
for 17 hours, the hardness loss is the same as that scen after 1200°F. 5 min, exposure.
‘Furthermore, this hardness value is sliphtly higher than that of the unaged alloy, indicating
that either another precipitate is forming or that the 4 is not completely solutioned.  When
the solution exposure is increased in severity to 2000°F for 20 hours, the hardness returns
to that of the alloy prior to agine.

Alloys which were aged in the o region at 1025°F for 530 hours showed very hittle hardenine,
Increases of 1. 2 and 4 units of R, hurdness were observed in ODS Allovs 1562 and 2562
respectively. No change in these hardness values were obtiined after solutionmg for ap to

1 hour at 1200° and 1300°F or at 1400°F for 17 hours, A solution treatment at 2000°F for
20 hours was again effective in reducing the hirdness to ats pre-asce level,

Both the solutioning and aging temperatures iare marked on the phase diaeram of Figure 11
at the appropriate Cr content.  The dilgram shown is one of several presented by Williams
. The o 5+ 5 phise boundary is modificd for 4 Al cont nts aceording to Wukustek(0),

After aging at 842°F and solutioning at 1200+, 1300° and 1400~ F, the ~pecimen exhibited
residual hardening which disappeared after 2000°F 20 hours exposurs,  Sincee these
solutioning temperatures are outside the 5« o phase field, this residual hardemne nay not
be attributable to ¢ formation. Grobner( 71‘ reported slight hardening in an Fe-18Cr allov
after aging al 1000°F which he attributed to the formation of Crag (C. Nig, Although tie
ODS alloys are low in C and N, (L.027 total) the total volume fraction of carhomride  that
could form is approximately 0. 4 v, o and this amount of precipitate could cause the ohserved
hardening. ODS alloys aged at 1025°F for times up to 1000 hours exaibited the sane Tevel
of hardenine as the residwil hardening just discussed.

Electron microscopy and scanning electron microscope (SEM) techniques were atilivzed to
determine the propensity and nature of the precipitutes encountered as well as to obseryve
the morphology and distribution of the stable oxide dispersoid phase,  The samnles selected
for the initial investipations were ODS 2062 and 2562 allovs in the anneated and the aged
conditions: DR; aged 500 hours at 842°F; aged 500 hours at 1025 F, The samples were
prepared by metallopraphic polishing with Linde B AlgOg compound and ollowed by vlu Clros
polishing., Preferential attack on the precipitated phase in the specimens aped at the 842°F
(5') temperature prevented the study of those materials,  The eleetron photomicrographs
are shown in Figures 14 and 15, Alloy 2562 exhibited a4 prain boundary precipitate in the
DR condition, while 2062 did not, Both alloys aged in the ¢ temperature range contiained o

pritin boundary precipitate which occurred mainly in the vegions which contained a relatively

sparse oxide dispersion,



In the extrusion and secondary TMP of these materials the spherical preoxidized particles
were elongited to long rod like shapes., The oxide film was fragmented and distributed
along these oriented powder particles and boundaries gave rise to high density discontinuous
oxide strinpers hetween mating particles. During subsequent high temperature exposures
the FegY phase in the powder particles reacted with the Al Ogq particles and converted to a
more complex oxide. This will be discussed in more detail in the Phase Identification
Section, A significant percentage of these powder particles, for some unknown reason,
remiined clear of oxide. This might have been caused by very low concentrations of yttrium,
It was these clear regions that were not converted to the desired coarse elongated grains,
In addition, the precipitate wias detected in the grain boundaries of the unconverted fine
grains, The hipgh density oxide regions seemed to retard both the undesirable retention of
fine grains and age hardening,

A SEM investigation was performed on the 2562 + 4 v o alloy exposed at 1025°F for 500
hours, Photomicrographs of the grain boundary precipitate phase and EDAX analysis are
shown in Figures 16 and 17, Consistent with the modified Cr-Fe diigram presented in
Figurce 11, the precipitate was determined to be Sigma, a nearly equiantomic Fe-Cr com-
position, This [inding doces not, however, expliin the retained hardness after the 1200° to
1400°F =olution treatments,

To establish the effects of the aging treatments on the ODS FeCrAlY, tensile tests were
conducted at RT, 500°, 1900° and 2100°F. Allovs 2062 and 2562 were evaluited in three
material conditions: (1) DR (fully annealed): (2) DR and 4 aged: (3 DR and o aved. The
test results are presented in Table XIH and Figures 18 and 19, The RT tensile properties
for two vene allovs, X-40 and MM509, are shown for comparison,

In the DR condition both 2062 and 2562 are stronper at RT than X-40 and MM509 and their
ductility is at least as good.  In the ;' aged condition there is a 457 increase in streneth at
RT for both 2062 and 2562 over the as-DR condition. The 5’ aped Alloy 2562 at 500°%
maintained a 41'C increase in strength while Alloy 2062 fell to only 127 increase,  Roow
temperature and 500°F testing of the g aged Alloy 2062 showed very little difference in
strength when compared to the initial DR condition,  Allov 2562, however, decrvased about
70 at both temperatures, Al FeCrAlY conditions seen: to have at least margmally, duetility
ranging from 1. 40 elongation at RT in the 5 aged condition to 17,27 at 1900°F in the DR
condition, The MM509 alloy is considered aceeptable for viane applications at the 1,8 to
5.5% clongation level,

3.2 SURFACL STABILITY STUDIES

Although carly work in the FeCrAlY family of allovs {(8) indicated that Cr lvvolx from 13 to
25 w/o vielded outstanding oxidation resistance, subsequent work by Stott(4) showed that a
low Cr levels, the wdloys were susceptible to break away oxidation,  This phenonenon was
found in the Ni, Co and Fe base MCrAlY alloys which were low in Cr content, Sporadiv,
rapid oxidation rates were observed-in such allovs as a result of the formation of oxides
other than the protective AlgOg type.  In ciases where break away oXidation wias observed w
FeCrAl, the other scale ormed was FegOy4. An inner seale of complex Craly. Foguy and
Al203 oxides resulted from rapid internal oxidation,  The occurrences of braak dway exis
dition found previously in some 15 Cr FeCrAlY powders wis thought to e atteibutable to
the very high surface to volume ratio found In these powders,  The occurrences of this
phenomenon in powder has raised coneern with regard to application wheve surtaee om\~
tumination of Fe or FegOgq might tnitiate the phenomenon, — An exanple of beeak awa
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oxidation on a piece of ODS 1562 , 060" sheet material after an exposure of approximately
100 hours at 2400°F is shown in Figure 20. As a result of this concern, a tes* nrocedure

was devised and candidate Alloys 1562, 2062 and 2562 were evaluated for resisiunce to

break away oxidation which was intentionally initiated by surface contamination. Thus this

test measured healing capacity of the alloy in the situation where localized inhomogenieties

or surface contamination might initiate this unusual behavior, Specifically, the tests used

specimens prepared from extruded rods of approximately 0.7 diameter which had a mild

! steel cladding of about 0. 025" remaining on the FeCrAlY core. The cladded specimens

- were subjected to an exposure of 24C0°F in air for 70 hours., The mild steel jacket initiated
the FegOy4 rapid oxidation, which progressed to the core/elad interface. Inthose alloys
which were resistant to break away oxidation, the attack was halted at the interface by the
formation of an internal AlgOg scale. As can be seen from Table X1V and Figure 21, the

} two 1562 + 4 v/0 oxide alloys suffered severe attack, fairly general in niature with metal

{ loss of up to 0. 150 inches, The 2062 + 4 v/ 0 oxide alloy demonstrated good resistance with

only isolated attack, approximately 0, 070" penetration, and in good agreement with Stott's

observation on the inuence of Cr, the high Cr 2562 + 4 v, 0 alloy showed excellent re-

sistance,  Although 0,010 of metal was lost in Alloy 2562, it seems probable that al least

part of that amount was attributable to loss in Cr due to mterdiffusion hetween the mild

steel cladding and the FeCrAlY core during TMP

The oxidation resistance of 2062 and 2562 alloys containing 4 v o oxXide wias investizated at
2200°F and 2400°F in static air for exposure up to 500 hours,  Som specimens were thermal
cycled and weighed after each 100 hours while others were exposed uninterrupted,  Con-
ventionad cast and wrought Allovs 1541 and 2541 were included for comparison, The ODS
samples were prepared from rod rolled and directionally reervstallized materials, sround
thru 600 grit silicon carbide papers to o shape approximately 0,55 dia, x 0, 15" thick, The
ast and wrought alloys were prepared from hot rolled plate in similane fashon,

The test results for the 2200°F oxidition exposures, in Table XV, show that we i ht changes
in the ODS alloys were nearly cquivalent to the conventional cast il weowght allovs,  Also
shown arce the effects of thermal eveling on the oxide adherence, By visual inspection it was
determined that there wis more total spatlation in the samples eveled cach T houes thaa
in the uninterrupted specimen which spalled in the final cool down,

The test results for oxidition it 2400°F are shown in Table XVE Atter long tunes at thas
temperature, distinet differences in oxtdiation belivior between east amd wrowstht and ODS
alloys were evident,  The spalling reststanee of the cast and wronght altovs was supegior
to that of the ODS alloys bhut this behavior was accompanted by a relatively deep ter-
aanular oxide peneteation which was abaent in the ODY allova, 1 is camcevable that w
thin sectiona this Intergranutar penctration would deprade steenpth amd auetility, Photes
praphs of the oxidation specimens after testing are shown in Fuyaee 32

3,3 DIRECTIONAL RECRYSTALLIZATION STUDIES

The strength of oxide dispersion steenpthened allova e extreinely Sensitive o mikrestrwes
turnl warintions auch nx peain size, peain shape amt testuaee, e an et e sain etbee
wiklorstanding wnd grentor control of thin effect, W dieeetional Feervatnitization stmi wise

umlurtnkoen,
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3.3.1 Equipment

The directional recrystallization (DR) technique requires that the recrystallization poocess
be controlled by passing unrecrystallized material, with suitable starting microstructure,
through a steep temperature gradient at a controlled rate, In order to achieve this experi-
mentally, a heat source was positioned as close as possible to a heat sink, and the specimen
was passed in a longitudinal direction from the heat sink into the heat source. Under the
proper conditions, new grains were formed initially in the hot zone and grew in an opposite
direction to the motion of the specimen. The first grains to form were relativelv equiaxed
but the steep temiperature gradient suppressed nucleation of new grains and encouraged
growth competition among existing grains. Those grains with the hichest boundary mobility
grew at the expense of those with less mobile boundiaries, As ihe specimen traversed the
gradient, the grain size increased to 1 maximum size which depended not only on the
structure of the starting material, but also on several DR process parameters, These
included steepness of the temperature gradient, rate of movement of the specimen, and
orientation with respect to the working direction.

A schematic of the equipment used to produce this structure is shown in Figure 23, where
the three principal parts of the apparatus may be seen quite distinctlyv. These include:

(1) heat source - a flat induction coil: (2) heat sink - a waler cooled Cu chill block: (3)
specimen motion control - in this case a variable specd motor was used to drive a gear
train which translated rotationnl motion to lateral motion., Lateral speeds achievable varied
fromfrom 0. 01 in/hour to 150 in. shour. Alsc shown in the schematic is an insulator which
prevented arcing between the coil and the chill block. The specimen hot zone is shown as
the shaded region immediately adjacent to the inducticn coil. The atmosphere surrounding
the hot zone was either air or flowing arcon (commereial vrade) which wis contained by 2
quartz tube, The 450 KCPS 10 KW power supply wis controlied by an Ircon optical tempera-
ture monitor and control and an optical pyrometer wis used for temperature measurements,

3.3.2 Material Preparation

Alloy 1562 + 4 v/0 oxide was extruded at 1750°F using 2 16:1 reduction ratio and this
rectangular billet was snbsequently isothermally forged at 1150°F /20% in the short trans-
verse direction. When furnace recrystallized at 2400°F 2 hours, large elongated grains
were formed. Pronounced anisotropy in grain boundary mobility was evidenced by the fact
that the grains had typical dimensions of: 1= 15mm, w= 4mm, t- O0.Tmm. In order to
investigate the DR resporse of this material, specimens were machined from unrecrystal-
lized or "as-isothermal forged'™ material. Each of these specimens had different orienta-
tions in the original rectangular extrusion. Specimen A wus prepared so that its longitu-
dinal axis was parallel to the extrusion direction. Specimens of the B orientation were
prepared with longitudinal axis in the long transverse direction, and specimens with the C
orientation were taken in the short tronsverse direction. These orientations are shown in
Figure 24,

3.3.3 Results

Directional recrystallization was performed on each of these materials as is shown in
Figure 24 using the DR parameters listed in Table XVII. Typical grain dimensions,
specimen sizes and corresponding DR parameters are ailso given in Table XVII. In the
longitudinal and loag transverse speciinen, grain length was limited by specimen length,
while in the short transverse specimen, grains did not traverse the full length of the
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specimen. A sketch of the microstructures achieved in each of the three cases is also
shown in Figure 24. As may be seen from the grain size results, grain boundary mobility
was apparently anisotropic and in both the longitudinal and long transverse directions was
considerably higher than in the short transverse.

Crystallographic orientation of these specimens has been completed and these results are
shown in Figure 24. In specimen A, which was cut parallel to the extrusion direction and
also DR processed in this same direction, the longitudinal axis was found to be parallel

to the [110]. Laue back reflection photos of six different grains indicated that all were
oriented within 2° of each other and the [110] in eitch was within 2° of the longitudinal axis.

Specimen B of Figure 24 was cut and DR processed in the long transverse direction.  Laue
back reflection paotos of all three of the grains contiined in the cross section indicated that
the specimen axis was within approximately 3° of [111} in cach. In tnhe short transverse
specimen C, only the two end grains were analyzed. The specimen axis was parallel to the
[110] in one grain and to the [111] in the other. The as-extruded bar was analyzed for tex-
ture both by Laue transmission and on a diffractometer using Ni filtered Cu radiation, It
was found that the alloy contained a [110] fiber texture and that approximately 50°. of the
material contained an orientation such that [110| was within 11° of the extrusion direction.

3.3. 4 Stress-Rupture Evaluation

Stress-rupture properties were determined for the three DR conditions using small button
head specimens, 0,187 diameter x 1. 4 long, were step load tested at 2000°F in air. The
longitudinal and long-transverse DR specimens had 2 gage section 0, 177 in diameter x 0, 50™
in length. Because of limited material thickness (0. 6%) the short transverse specimens
were maodified to 0, 1" diameter by 0. 25 long, - To facilitate the testing ot these short
sections they were made longer by brazing longitudinally DR 2062 alioy extensions onto each
end. Joining was performed at 2550°F in vacuum using 0. 005" thick Hastelluy X sheet as the
braze alloy.

The stress-rupture test results are reported in Table XVIIL Subsequent to testing the
specimens were ground longitudinally, macroctehed and are shown photographically in
Figures 25 and 26, The short transverse specimens C (No, 's 20-23) contiained numerous
grain boundaries oriented perpendicutar to the stress axis, Specimen No, 23 reervstallized
to a much larger grain size than did the others but still contained some short transverse
boundaries running the full width of the gage. The braze joints are located just inside the
threaded regions is can be seen in Figure 25,

The short transverse was found to be the weinkest divection and censistently Tailed in short
times at 2,0 ksi, [In this direction both the transverse grain boundaries and the micro-
structural defects are aligned in the worst direetion,  As cian be seen in the photographs,
failure occurred in the griin boundaries which are the most detrimental defects, The two

long~-transverse specimens, B, contitined no boundiaries, Both specimens fadled at the 5,0
ksi level during a step loading stress rupture test,

The specimen from the longitudinal divection (No, 4) was prepared from an isothermally
forged rectangular bar that was upset ut 1150°F to a 30'¢ reduction in thickness,  This
specimen was recrystallized in a box furnace at 2400°F for 2 hours rather than DR, The
specimen grew relatively small grains but these had o hign aspeet tatio,  In the stepsloaded
rupture test at 2000°F specimen 4 fafled after 1,5 hours at 6,5 ksle Henee, even though

1
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this specimen had a fine grain size and grain boundaries transverse to the stress axis, it
was considerably stronger than the long transverse B specimen which had no boundaries
transverse to the rupture stress axis. These results indicate that either the oxide stringers
or the difference in erystallographic orieniation which was [110] for the A-type specimen
and [111] for the B type caused a decrease in strength,

As was anticipated, the type C short transverse specimen, with its numerous grain bound-
aries and oxide layers was the weakest material of the three.

3.4 STRESS-RUPTURE STUDIES

The largest contributors to strength are believed to be grain size and shape, dispersnid
content and texture. Test results showing the effect of grain size are presented in Table
XIX and Figure 27. Stress-rupture testing* was performed at 2000°F using step load
techniques. The 2562 + 4 v, 0 oxide specimen (No. 14) in the unrecrystallized condition,
initially loaded at 2. 0 ksi failed after 6.4 hours at 2.5 ksi. A furnace recryvstallized 1562
+ 4 v/0 oxide specimen (No. 5) with 0. 1" long grains was initizlly loaaed at 3. 5 ksi and
broke after 4.0 hours at 6. 0 ksi. Another furnace recrvstallized 1562 . 4 v. o oxide speci-
men (No. 4) with 0. 2" long grains reached 6.5 ksi for 1. 4 hours before failing. A third
1562 « 4 vs0 oxide specimen was fabricated from a three-inch long directionaily recrvstal-
lized rod with the grains running the full length, This test specimen (No. 2) contained no
transverse grain boundaries and was initially tested at 6.5 ksi for 500. 6 houwrs., As the
data indicates there is a very dramatlic improvement in strength with increasing grain
size.

A stress-rupturc property study was conducted on ODS FeCrAlY allovs with the hivzher
chromium content: 2062 and 2562, both centaining 4 v ‘o oxide. The extrusion, TMP and
DR of these alloys were performed as described in the Thermal Stability Studies Section
& this report. The alloy chemistries are shown in Table VII. The stress-rupture test
results are presented in Table XX and Figure 28,

The 2562 + 4 v/0 oxide alloy demonstrated strengths for short times (112 hours or less) of
7.5 ksi at 1900°F, 7.0 ksi at 2000°F and 6.5 ksi at 2100°F, Most of the 2062 + 4 v/ oxide
stress-rupture specimens are still running, making it difficult to assess the stremyth, but
based on the two failed specimens it appears it will be somewhat lower than the 2562« 4 v ©
oxide alloy. This difference in strength was not anticipated and is not considered to be
attributable to the variation in chrome content. Previous testing of the 1562 . 4 v. 0 oxide
alloy exhibited strengths as high as 8.0 ksi. Possibly this difference is reflected in the

vacuum fusion results shown in Table VIII, The 2562 + 4 v. ¢ oxide alloy analyzed at 1. 1881 ¢

oxygen and the 2062 + 4 v/o oxide alloy at 0. 907T% oxygen. This is a 30'% difference in
oxide content and might explain the variation in strength.

*Hutton head specimens 0, 178" in diameter x 1, 4" long with 2 0, 1'* diameter x 0.5 long
gage gection were used throughout this program, Thermocouples were wired to the gage
for temperature conirol and stress was applied using direct loading techniques.
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To determine the effects of high temperature long time exposures on the strength properties
of these alloys, specimens were hcated for 100 hours at 2200°F and 2400°F in air prior to
stress-rupture testing. The test results are shown in Table XX1. The data is plotted in
comparison with the as-directionally recrystallized alloys and shown in Fivure 28, With
the exception of the 2562 : 4 v, o0 oxide alloy, specimen heated at 2200°F for 100 hours both
alloys suffered losses in strength at a constant Larsen Miller parameter, The 2562 - 4 v, 0
oxide alloy heat treated at 2400°F for 100 hours showed a1 decrease of about 207, The

2062 + 4 v/0 oxide allov specimen heatl treated at 2200°F and 2400°F for 100 hours showed
losses of at least 30 and 25 respecetively.

The loss in the strenuth associated with the high temperature exposures pointed suspiciouslv
a: DR temperatures. DR is performed in 1 2450-2550°F temperature range, I the heat
treatments at 2200° and 2400°F for 100 hours could decrade stremtth maybe the hicher
temperature 2559°F DR temperature at short times could be detrimental.  Selected speci-
mens were prepared using DR temperatures ranging from 2450°F down to 2200°F and

tested in stress-rupture. The results are shown in Table XX and Figure 30, As can be
seen in Figure 30 where the data is compared with the materl processed at the higher DR
temperatures (2450-2550°F) there is no indieation that lower DR temperatures were bene-
ficial, In fact, the 2062 : 4 v.o oxide allov recrystullized at 2250°F showed a loss of
strength.

3.5 OPTIMIZATION OF OXIDE CONTENT

An ODS 2562 :+ 6 v o oxide alloy wius prepared for evaluation, Atomized powders from
Table I were pre-oxidized to 1,43 w o oxveen at 1225°F for 10, 5 hours in shuliow travs

at 2 0.2 powder depth. The pre-oxidized powder was canned m a 3 dumeter mild steel
extrusion capsule and extruded at 1750°F and o 16 to 1 reduction in aren to 0 0,75 dianwior
rod. The extruded rod was sound and of good appeirrance, Recrvstallization respoase of
the 6 v/0 oxide alloy was determined by inserling a small section into a furnace at 2400°F
for 2 hours. Macro etching revealed no large srains had formed,

Rod rolling a piece of the extruded rod at 1500°F to a 20 ¢ reduction in area and heat
treating at 2400°F for 2 hours produced the desired large grain structure, The remaining
6" length of the rod rolled material was directionally recrystatlized for evaluation. Stress-
rupture properties were measured at 2000°F using three miniature Lutton Lead specimens
utilizing the step load technique. The test results are reported in Tuble XXIHI,  All three
specimens were initially loaded at 6.5 ksi and increased by 0,5 ksi about every 24 hours,
Specimen No. 17-1 failed at the 6.5 ksi level after (6.1 hours, The remaining two speci-
mens No.'s 17-2 and 17-3 both reached 9, 0 ksi before failing. One lasted 1.3 hours and the
other 0.3 hours. :

As shown in Figure 31 the 9.0 ksi strength of the 2562 + 6 v, 0 oxide alloy specimens which
were rod rolled to a 20% reduction represents a 20'7 increase in strength when compared
to the average strength of the 2562 + 4 v/0 oxide ailoy atso rod rolled to a 20'c reduction,
This strength level is 90 times that of the conventional cast and wrought FeCrAlY, Also
reported in the Figure 31 are the strengths of TD NiCr sheet and the density corrected
curve for the ODS 25662 + 6 v/0 oxide alloy. This correction is obtained using a stress
multiplying factor derived by dividing the density of the TD NiCr by the density of ODS
FeCrAlY. With the density allowance the ODS 2562 + 6 v- o oxide alioy is stronger than TD
NiCr sheet,
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3.6 PHASE IDENTIFICATION AND MORPHOLOGY

Oxide dispersion strengthened FeCrAlY alloys prepared analogous to the SAP approach
contain a nonuniform spatial array of oxide with a wide range of particle size. Alloys
containing 4 v/o oxide have particles nearly spherical in shape and range in size from
<250 A to -1 micron. The average particle size and interparticle spacing is 0.19 and
2. 49 microns respectively.

Identification of the oxide phases were established for both the as-extruded and heat treated
conditions. The oxide phases were extracted electrolytically in a 10 solution of HCL-
CH3ON. Identification was made by x-ray diffraction. An 2062 . 4 v/0 oxide alloy extruded
at 1550°F to a 16:1 reduction ratio was determined tc contain about B5% Y903, 105 YA103
and 5% A1303. Three alloys (1562 + 4 v/0, 2062 + 4 v/0, 2562 + 4 v/o oxide) heat treated
at 24007 for 100 hours contained about 60 Al,04. 3Y,04, 307 5A1,04. 3Y,0,, and 10°
YA103. The results were independent of alloy composition.

Scanning Electron Microscope (SEM) analysis was performed on the 2562 . 4 v/0 oxide alloy
that was thermally exposed at 2400°F for 104 hours., The photographs showing the micro-
structure and the Energy Dispersion Analysis X-Ray (EDAX) results are presented in
Figure 32. The GEM/EDAX results corroborates the results obtained using the extraction
technique, The oxide particles are yttrium e aluminum.
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4. DISCUSSION

Two major problems previously encountered in the development of ODS FeCrAlY alloy have
been overcome: surface stability and powder pre-oxidation. ODS 1562 + 4 v.0 oxide alloy
was determined to suffer “breakaway” oxidaiion when exposed in wroueht form at verv hich
temperatures or in powder form at relatively low temperatures as shown in Fivures 20 and
3 respectively, Incrcasing the chromium content to 207 and 257 virtually eliminated
“breakaway" as evidenced in Figures 4, 5, 21 and 22,

Uniform, controllable pre-oxidation of powder has been achieved, In the past, powder
pre-oxidation was attempted in a common box furnace with a static air flew, using either
trays containing the powder or in sealed retorts with a dvnamic flow of pure oxygen gas.
In the interest of quantity the powder depths ranged from 0.6 to 3.5, When air was the
oxidizing gas mitrogen contamination occuri od at powder depths of approximately 0,5 and
below. Studies investigating the oxidation of the -325 mesh powder as a function of powder
depth determined the safe working depth te be about 0. 25 inches,

Several new powder pre-oxidation techniques were established.,  Guod uniformity and
reproducibility was obtained in the static tray approach where powder depths were limited
to 0. 25 inches or less. For the preparation of lurpe quantities the rotary kiln and moving
tray processes were investigated and endorsed.  In the rotary kKiln the powder is tumbled
during pre-oxidation, continuously exposing frish material to the environment, In the
moving tray approach the powder is spread in shidlow travs and traversed through the
furnace on a conveyor system, These techniques placed all the powder particles in easy
access to the oxidizing gas.

Thermal stability of the ODS FeCrAlY was investigated in the intermediate temperature
range. Inthe Fe-Cr system as shown in Figure 11, two age hardening precipitates are
encountered; a nearly equi-atomic FeCr phase (¢} which forms at temperatures below
1500°F and a chromium rich ferrite phase (,') that forn's below 970°F. Experirents were
conducted to establish the propensity of the precipitates and their effects on properties.

The aging response is rcported in Tables No. 1X and X and the effects on tensile properties
are reported in Table XIII. The malerials aged in the o region showed only slight increases
in hardness and effect on properties. The materials aged in the ' region increased con-
siderably in hardness ranging from 38% for the 15'2Cr level to 80°c for the 25 chrome level
and showed very significant increases in tensile strength at RT At the 500°F test tempera-
ture the 25%Cr alloy maintained most of its increased strength. The increased stremzth of
the 20% Cr alloy fell sharply. Ductility of these alloys at RT dropped from &'¢ to 3¢ in the
20%Cr and {0 2% in the 25%Cr alloy.

Stress-rupture properties were determined for the ODS 2062 + 4 v/o0 oxide and ODS 2562 +
4 v/0 oxide alloys in a 20% rod rolled and DR condition ani the results are given in Table
XX. The short time strengths at 2000°¥F for the 25%Cr alloy was determined to be 7. 5 ksi,
The 20%Cr alloy showed strengths somewhat lower than the 25%Cr alloy. This lower
strength was thought to be due to a lower volume fraction of oxides in the 20% chromium
alloy.
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An ODS 2562 + 6 v/0 oxide alloy was prepared and tested similar to the ODS 2562 + 4 v/o

pxide alloy, Short time strength was found to be at the 9.0 ksi level
increase in strength.
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5. CONCLUSIONS

1. Powder pre-oxidation of the ODS FeCrAlY alloys is much improved with increased
chromium content. “Breakaway' oxidation has been eliminated in the 20 and 257
chromium bearing alloys, both : s powder and bualk alloy.

2. FeCrAlY -325 mesh powders can be uniformly pre-oxidized in air without nitrogen
- contamination by limiting the powder depth to 0,25 or by tumbling the powder during
the exposure,

3. Stress-rupture property studies were conducted on the 2062 + 4 v/o oxide and
2562 + 4 v/o oxide alloys at 1900, 2000 and 2100°F, The 2562 . 4 v/0 oxide alloy
in the rod rolled and DR condition possess shert time strengths of 7.5 ksi at 2000°F.
With allowance for the difference in densities, the 2562 . 4 v-o oxide alloy is as
strong as TD NiCr sheet.

4., The effects of 2200°F and 2400°F exposure for 100 hours in air were determined
on the stress-rupture strengths of the 2062 . 4 v. o0 and 2562 - 4 v- 0 oxide allioys,
Alioy 2562 + 4 v/0 oxide was stable to exposure at 2200°F, but after exposure at
2400°F showed a decrease of about 207 in rupture strength at 2000°F. The 2062
+ 4 v/0 oxide alloy specimen heat treated at 2200°F and 2400°F showed losses of
30% and 25% in 2000°F rupture strength.

5. The effects of DR temperatures (2200, 2250, 2450°F) on 2000°F stress-rupture
properties were investigated, There was no indication that lower DR temperatures ‘
were beneficial, A

AR | T e T

8. A 2562 . 6 v/o oxide alloy was prepared and evaluated in stress-rupture at 2000°F,
The rod rolled and DR alloy demonstrated short time strengths of 9.0 ksi. With
the allowance for the difference in density, the 2562 + 6 v,/0 oxide alloy is stronger
than TD NiCr sheet.

7. Aging studies were conducted on ODS 1562, 2062 and 2562 coniaining 4 v. 0 oxide
at B42°F (') and 1025°F (n). Exposures at 842°F for 1000 hours showed the
propensity of precipitation hardening to increase with increasing chromium

|| content: the 1562 alloy increased in hardness by 39%; the 2062 by 70%:; and the ‘
- 2562 alloy by 80%, Hardness increases at 1025°F were much lower: the 1562 alley
increased only 4%; 2062 9%; and the 2562 alloy 17, 3

tested in tension at RT and 500°F to determine the effects on propecties. The
2062 + 4 v/o and 2562 + 4 v/0 alloys aged at B42°F (,') showed strength increases
at RT of 45% (190 and 203 kai). At 500°F the 2062 - 4 v/o oxide alloy fell to an
increase of only 13% while the 2562 + 4 v/0 oxide alloy maintained 41% increase.

]
ir ; 8, The 2062 + 4 v/o and 2562 + 4 v/0 oxide alloys aged at 842°F for 500 hours were
s
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9. The 2062 + 4 v/0 and 2562 + 4 v/0 oxide alloys aged at 1025°F for 500 hours
were tested in tension at RT and 500°F to determine the effects on properties,
The 2062 + 4 v/o oxide alloy showed very little difference in properties at
either temperature when compared to the unaged DR condition. The 2562 - 4
v/0 oxide alloy suffered a2 7% loss in strength at both temperatures,

10, Electron microscopy and SEM analysis techniques were utilized to locate and
identify the precipitate which formed at the 1025°F aging exposure and was
I determined to be Sigma phase.

11, Exposure at 1200°F for 10 minutes after aging at 842°F restores properties
essentially to unaged levels.

e s

e -vatn,

18




6. REFERENCES

-
-

R. E. Allen, Final Report Naval Air Systems Commoand Contract No. N0O0L19-
69-C-0149, Jamuary, 1970.

2. R.E., Allen, Final Report Naval Air Systems Command Contract No. ~N0U019-
70-0232, January, 1971,

— e

3. R.E. Allen, and R. J. Perkins, Final Report Naval Air Systems Cemmand
Contract No, N00019-71-0100. April. 1972,

4, F.H Stott, G.C. Wood and M. G. Hobby, Oxidation of Metals, Vol. 3.
No. 2, 1971,

5. R.O. Williams, Trans., THMS-AIME 1958, Vol. 212, p. 197,
6. C.S. Wukusick, AEG Contract ..T (40-1;-2347, Report No. GEMP-414, June, 1966,
7. P.J. Grobner, Trans. TMS-AIME 1973. Vol. 4. No. 1. p. 251,

8, C.S5. Wukusick and J. F. Collins, Materials Research and Standards, Vol, 4,
No. 12, 1964, p. 637.




ACKNOWLEDGEMENTS

Appreciation is extended to Dr. C. A. Bruch who has provided excellent guidance through-
out the program and to G. L. McCabe who assisted in various phases of the experimental
work.




TABLE 1

CHEMICAL ANALYSIS OF AS-RECEIVED
ARCON ATOMIZED FeCraAlY POWDERS

Content, w/o

Alloy Alloy Alloy
Element 1562 2062 2562
Fe Balance Balance Balance
Cr 16.48 20.21 25.08
Al 5.89 5.97 5.89
Y 1.9 2.08 2.09
C .009 = .010 .010
Si .066 <.10 .096
) o .002 .003 .003
O .072 .074 .074
N .0081 .007 .009
H .0037 .005 .005
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TABLE 11

WEIGHT GAIN OF ALLOY 1362 -325 MESH POWDER
DURING AIR OXIDATION IN PORCELAIN CRUCIBLES

Powder | Weight Gain
Speciman Temperature Depth 2 hrs 6 hrs 22 hrs Comments
Number °F Inches ;
6 1100 .37 .84 1.01 1.19 Uniform color ’
ki 1100 .37 .84 .86 1.23 Uniform color
8 1100 .37 .84 .96 1.22 Uniform color :
9 1100 Y .83 .93 1.23 Uniform color :
10 1100 Y .84 .94 1.23 Uniform color J
1 1150 .37 .95 1.09 1.31 Uniform color i
2 1150 .37 .95 1.10 1.31 Uniform color “!
3 1150 .37 .94 1.08 1.30 Uniform color ‘
5 1150 .37 .94 1.08 1.30 Uniform color
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WEIGHT GAIN OF ALLOY 2062 -:325 MESH POWDER DURING
AIR OXIDATION IN PORCELAIN CRUCIBLES

TABLE 111

Powder % Weight Gain

xcimen Temperature Depth ——em ot e e ————— —

iumber °F Inches 2 hrs 4 hrs 20 hrs Comments
29 1200 .25 .93 1.04 1.43 Uniform color
30 1200 .25 .90 1.02 1.40 Uniform color
25 1200 A4 .91 1.02 1.40 Uniform color
206 1200 .4 .92 1.03 1.42 Uniform color
27 1200 .4 .91 1.03 1.41 Uniform color
238 1200 .4 .02 1.04 1.43 Uniform color
23 1300 25 1.17 1.35 1.79 Uniform color
24 1360 .25 1.18 1.36 1.82 Uniform color
19 1300 .4 1.17 ———— “e-- Uniform color
20 1300 .4 1.18 1.30 1.79 Uniform coior
«l 1300 .4 1.20 1.36 1.81 Uniform color
22 1300 .4 1.17 1.30 1.76 Unmiform color
13 1400 .1 ---- “an- “ee- CRUUrT LG
16 1400 A 1.9Y 1.80 KPR Uniform cotoy
12 1400 25 1.63 1.83 2.47 Uniform coles
17 1400 .25 1.63 1.82 “eee Uniform color
11 1400 .5 1.66 1.85 2.52) Non-uniform
14 1400 .5 1.60 .85 2.53 ‘ color = top &
15 1400 5 1.65  1.85 2,52 | phed, ol -
18 1400 .5 1.64 1.83 “eue light blwe




{ TABLE 1V

WEIGHT GAIN OF ALLOY 2562 -323 MESH POWDER DURING
AIR OXIDATION IN PORCELAIN CRUCIBLES

Y U

/‘ Powder "5 Weight Gain
Specimen Temperature Depth e e
_ Number °F Inches 2.2 hrs 4.2 hrs 20.2 hrs Comments
’ 39 1200 1 1.02 1.14 1.46 Uniform color
’ 43 1200 1 1.05 1.1 1.44 Uniform color
45 1200 .3 1.02 1.10 1.42 Uniform color
40 1200 .4 1.02 1.11 ——— Uniform color
! 44 1200 .4 1.04 1.13 1.45 Uniform color
41 1200 .6 1.02 1.11 1.40 Top .5 med.
blue
: 45 1200 .6 1.11 1.10 1.40 Bottom .1"
} light brown
_ 42 1200 .3 1.01 () cemm ——--
(a) Vacuum fusion analysis - 2.2 hrs - T
Top = .975% Og, .0067 Na
Bottom = 1.037% O3, .0617% N3 ‘
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TABLE VI

CHEMICAL ANALYSIS OF 1562 BEFORE AND AFTER

ROTARY PREOXIDATION

Element As-Recelved Preoxidized
Fe Bal. -
Cr 16.48 -
AL 5.89 -
Y 1.90 -
(& .0U9 -
[¢] 072 0.9
N .008 . 0001
H .004 L0015
Ag ) T
Cu T T
Mg T T
NMn T T
N1 T T
S1 .066 T

1y = rrace (< 1%)




TABLE VII

CHEMICAL ANALYSIS OF 2062 ALLOY BEFORE AND
AFTER PREOXIDATION USING THE MOVING TRAY APPROACH

Elcment As~Recetived Preoxidation

Fe Bal, -
Cr 18.95 -
Al 5.71 -
Y 1.74 -

C 0.0140 0, 0002

0 0.0739 {.0788

N 0.0037 a, 0047

H 00,0023 0.0017
Ag 0.0135 T
Cu T T
- Mg T T
{ Mn T T
i Ni T T
Si T T

()T = Trace (< 1%)




[ TABLE vI'{

CHEMISTRIES OF STARTING MATERIALS FOR AGING STUDIES

i
/} ODS Alloys Cast and Wrought
! Tsez  2oe2  Zmez  zoal 1541
¥e Bal. Bal. Bal. Bal. Not available
cr 16.59 20.21 25.08 24.55
! AL 5.70 5.97 5.89 3.83
| Y 1.98 2,08 2.09 1.23
c 0.010 - - 0.04
st 0.066 < 0.10 0.096 0.15
P 0.002 0.003 0.003 -
) 0.9819 0.9077 1.1881 0,001
N 0.0028 0.0043 0.0040 0.001
Ag 1(a) 0.014 0.001 -
Mg T T T -
Mn T T T - _
N1 T T T -
{a) -

Semi-quantitative spectrographic analysis, T = 0 -~ 1%




-
o 21 < spong T

TABLE IX

HARDNESS OF FeCralY ALLOYS AS A FUNCTION OF AGING TIME AT BAZ'F

- H
Rc Hardness at Various Exposure Times (Hrs.)
Total Rg |
Hardness :
Material Conditlion 2 32 3& 108 273 500 1000 Increase
1562 (Ext. 6) As-ext. 26 28 28 29 32 34 36 10
2062 (Ext. 13) DR(Y) 23 29 30 32 37 37 39 16
RR(3) 32 35 36 38 40 42 43 11
¢ 2562 (Ext. 14) Dr(D) 24 33 34 33 40 42 43 19
RRr(2) a3 39 10 a1 45 435 47 14
1541 Conv. Plate 8 10 10 11 16 20 24 16
2541 Conv. Plate 9 20 20 25 28 31 32 23

{1) DR - Directionally Recrystallized

(2> RR - As Rod-Rolled

29

TR P I ¢ 8 e T e — '7.,




TABLE X

HARDNESS OF FeCralY ALLOYS AS A FUNCTION OF AGING TIME AT 1025°F

Rc Hardness at Various Exposure Times (Hrs.)

Total Rg

Hardness

Material Condition g 24 48 108 273 500 1000 Increase
1562 (Ext. &) As-ext, 26 27 27 27 28 27 27 1
2062 (Ext. 13) DR 23 26 25 26 26 26 25 2
RR(2) 32 34 33 33 34 34 33 1
2562 (Ext, 14) DR 24 29 28 28 29 29 28 4
RR 33 35 38 35 35 35 3s 2
1541 Conv, Plate 8 8 7 7 9 8 8 0
2541 Conv. Plate 9 14 14 12 14 14 11 [

(1) piyecticnal ly Recrystallized
() As-Rod Rolled

)
N
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TABLE X1V

RESISTANCE OF CANDIDATE ALLOYS TO BREAKA#AY OXI DATIOS(a)

o DD .\ o v———t it B i B

4 4y
Extrusion Minimum Maximum
No. Alloy Core Dim., 1in. Penetration Healing Quality
§
; 8 (rotary) 1562 .670 ~ 150 xmils Poor
10 1562 670 ~ 150 uils Poor i
9 2062 .63 ~ 70 mils Good, isolated attack ;'
{
11 2562 65 ~ 10 mils Excellent
i

——
O e

{8%pecinen exposed to static alr at 2400F/70 hr. - specimen vere 1/2" long rods
which had a2 25 mil mild steel clad on the outer diameter,
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OXIDATION RESISTANCE OF SELECTED FeCralY ALLOYS AS

TABLE XV

FUNCTION OF TIME AT Z200F IN STATIC AIR

3
Increase {mg-cm™ )

Specimen
No. Alloy
1 2062 + 4 v/o oxide
> ”
7 2562 + 4 v/o oxide
8 "

13 1541 Conv, (3!

15 2541 Conv,

{a) Cast and Wrought

Wr.
vs Time (Hrs.!
Tz 2007 300 00 500
1.4 1.9 1.9 | I 0.6
Uninterrupted 2.4
1.4 1.7 1.3 0.7 0
Uninterrupted 2.5
2.3 2.9 3.2 3.4 34
1.9 2. 2.6 3.0 3.0

A

Oxide Spall Rating

Moderate
Very Slight
Moderate
Moderate
Very Sliaght

Mederate
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TABLE XVI

OXIDATION RESISTANCE GF SELECTED FeCrAlY ALLOYS AS A
FUACTION OF TIME AT 2400F IN STATIC AIR

Wt. Change (mg/cm‘?)
vs Time (Hrs.)

Specimen
No. Alloy 160 200 300 400 500 Oxide Spall Rating
: 2062 + 4 v/0 oxide 3.0 1.3 -1,3 -3.8 =7.3 Gross
4 " — Uninterrupted — -0.8 i
, 2562 + 4 v/o oxide 1.8 -0.9 -4.6 =7.7 -1l.1
10 " ~ Unlnterrupted —  =1.5 l
5 14 1541 Conv.(®) - 4.7 58 - 6.6 7.3 7.9 ‘
i 16 2562 Conv,(®) 4.6 5.3 53 5.4 4.8 !
{
(a8} cast and wrought
;
&
o 3%
gﬁ . L st
s e i s -




DR PARAMETERS USED FOR SPECIMENS A, B, AND C OF FIGURE 4

Spec. Configuration
Stape
Dimensions (mm)
Orientation

DR Rate (in,/hr.)
Temp. (°F)

Grad. (approx.) F/in,
Heat Source

Heat Sink

Resulting Grain Size
Length (mm)
width (=)
Thickness (mm)

A
Rectangular
57 X 20 X 14

1
2400
1000
Induet..
Ambient Alr

S7
11

TABLE XVII

B
Round
38 X 5.5 dia,

1
2500
3500
Induct.,
H,0 Cooled Cu Chill

*

50
5.5
2,0

C
Round
15 x 5.5 dia.

) 8
2500

Induct.
B_0 Cooled Cu Chill

U?tﬂ
U R~ -




..,-l-
. L)
8513ASURI) 3J0YS = J (ssIoasuUed) BUOT = g ¢ TeutpnltBuol = <¢
8 *S111aW3INSBIW INBW 01 24NIOTIT J21)8 J3Y1a30} SUOTID8E uUENOIQ dJeld jOU pInOY:
*)
()~ (ey- c'1 $'9
3 0°F2 0'9
N £'v2 c'g
. £'ce 0°¢g
) £z SV
" | M -F o'y
03 peol deig Ak 33 ¢'g (P22111019430a3 a0BWINI) ¥ t 4
8 001 A 0's
01 peot daig £°r2 ey q L1
LS (e 20 0'¢ =
031 peol deis 0'vz ¢’y , -
03 peor deis c'gz o'k g e
0L 8'¢ A5 9% 2 4 b
0'€ c's 0°% 0'% o] zZ Lo
0°2 0'v g1 0'Z 2 1z - _
02 08 62 -0z, | o 0z ) ‘
l-ll\lllJ...ll'! - ‘QII )
vioug RIEEA SaH o3V ZE] *0Cy30e2 10 8a oR :
aanidny ‘BS9I3H *osdy .

s,

SKOILOHYUICQ SNOTYVA NI NOILVZITIVLSAMOZY TYNOILOAMIC HIIJIV FAIXO
o/6 ¥ + Z9ST AQTIV J0 4,000% Lv SHIONSHIS FHNALINH-SSALNLS

I1(AX 379V




R 2R =

S N

PO S

TABLE XIX
EFFECT OF GRAIN SIZE ON STRESS RUPTURE STRENGTH OF ODS FeCrAlY at 2000°F
Spece Alloy Material Grain Size Stress, Time, Hrs. Elong.,% H.a., %
No. Condition Length x in, Ksi
14 2562 Un Rx® - 2.0 he.
Y 1 2.5 Gl 10. 4 2.6
R ‘4 b
5 1562 Furn Rx 0.1" 3.5 2561
h.o 231.7
he L1.0
3.0 zhee
Se 24,0
6.0 ha0O
4 1562 Furn Rx Go 2" 3.5
4.0
.5
5.0
's 5.5
'l s
6.5
. c d
2 1562 DR 0. 5" 6.5 5006
7.0 27L0
75 19.0
8.0 0.6
?[ ]
a2
‘ : Punrecrystallized, As-Rod-Rolled
L] Bpurnace Recrystallized at 2400°F for 2 hours
.5t
) “Directionally Recrystallized ,
dlhterxnl directionally recrysrallized to several inches in ls.-ngth., but the specimen
L A E gage section is only 0.5" long.
k]
]




TABLE XX

STRESS RUPTURE STRENGTHS OF DIRECTIONALLY RECRYSTALLIZED ODS FeCral ALLOYS

Alloy Test. Temp. °F Stress, Rupture % Elona. % R of A
Ksi Life, Hrs.
. 2062 + 4 v/o 1900 5.6 3h0 Still Running
o 2002 + & v,0 1900 6.1 320 Still Runming
- 2062 + & v/o 2000 4.0 st .
2+ b4 v/o 2000 4.5 s gla?
2062 + L vio 2000 .0 o B
2062 + 4 v/o 2000 5.5 5.8 1.9 2.1
2062 + 4 v/o 2000 5.0 67h 1-0 Ki! Terminated

no rupture

2+ 4 vio 2400 4.5 60 Stil! Running
2062 + 4 v/o 2300 Sel 2.5 16,0 2.6
2562 + 4 v/a 1500 7-0 410 Still Running
2562 + & v/o 1500 i 112.4 6.0 22,7
2562 + b v/o 2000 4.0 ATALY
2562 + 4 v/o 2000 4.5 2’;.0(“)
2562 + 4 v/o 2000 5.0 23.9'%)
2562 + 4 v/o 2000 5.5 114,240
2662 + 4 v/eo 2000 6.0 a8, 212
2562 + 4 v/o 2000 6.5 25.3“’)
2562 + 4 v/o 2000 7+0 10. 1 11.8 23.0
2562 + & v/a 2000 6.5 62.0 77 30.3
2562 + & v/o 2000 6.5 190.9 11.8 (O
2562 + & v/o . 2100 5.8 46.7 10.2 25.0
2562 + 4 v/o | 2100 6.5 6.8 16,0 343

("Strels increansd by 0.5 Ksi
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ALLOYS SUBSEQUENT TO LONG TIME HIGH TEMPERATURE EXPOSURES IN AIR

Alloy

2062

2562
2562

Heat Treatment

2200°F-100 hrs.

2400°F-100 hrs.

2200°F-100 hrs.

2400°F-100 hrs.

TABLE XXI
STRESS RUPTURE STRENGTHS AT 2000°F OF DIRECTIONAL RECRYSTALLIZED ODS FeCrAlY

Stress, Rupture % Elong.
Ksi Life, Hrs.
5.0 1.6 3.8
5.0 5.5 2.9
6.5 57-7 ‘_.I{
6.5 0.8 -
41 -

% R of A

7-8

4y




TABLE XXIT

STRESS RUPTURE STRENGTHS AT 2000°F OF ODS FeCrAlY ALLOYS DIRECTIONALLY
RECRYSTALLIZED AT VARIOUS TEMPERATURE

Alloy DR Temp., °F Stress, Rupture % Elong % R of A
Ksi Life, Hrs.

2062 2250 545 24

6-0 1. ) - -
2062 2250 5.5 51.4

600 17- ’i 8.6 30.8
2562 2200 7.0 24,0

7-5 5.5 - -
2562 2450 7.0 4.0

7.5 1.5 3.9 3i.5
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TABLE XXI1I

STRESS RUPTURE RESULTS OF 0ODS 2562 + 6 v ‘o OXIDE AND 1562 + 4 v ‘o CXIDE ALLGYS TESTED

AT 2000°F

Spec. No. Hﬂterial(a) Stress, Time % %
Condition Ksi Hrs. Elong. R of A

17-1 2562 + 6 v/o RR, 20% 6.5 16. 1 5.6 1th.5
17-2 2562 + 6 v/o RR, 20% 6.5 2h, 1 Load increased

T 68,1

7a5 26,1

8.0 23.7

8.5 2ho b

9.0 1.3 7.0 22,3
17-3 2562 + 6 v/o RR, % 6.5 45.4 Load increased

7.0 2hab

7.5 ahn

8.0 24.0

8.5 Seb )

9.0 0.3 2.8 37.0

(')nn = Rod Roll, % = reduction in area

dna

ﬁ”, -




STRESS ~KS!I

T T K] T T T T ] 1 1T T 7]
10 }—
TON{ICr (LORG)
sl ODS FeCrAlyY
(LONG and TRANS)
6 }— —
TONLiCr (TRANS)
4 b —
2 — —]
N T | 11 1 L 1 1 1
50 60 70 80
P=r (25 + '0G t Ix107>
Figure 1 Rupture Stress vs Larsen Miller Parameter Showing a Comparison of TDWICr and

Alloy 1562 + 4V0 Oxide Sheet
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2300x

_ Figure 3 Scanning Electron Microscope (SEM)/Energy Dispersion Analysis

: X-Ray (EDAX) of an Fel5CrGAl12Y Powder Particle Showing :
Break-Away Oxidation at 1. 2 Weighi Percent Oxyguen Level,
Specimen Shadowed with Gold




Al Au Cr Fe

Al Au Cr Fe
Figure 4 Scanning Electron Microscope (SEM)/Energy Dispersion Analysis
X-Ray (EDAX) of an Fel0 Cxr6AIZY Powdir Particle. No Detsctable
‘Break-Away Oxidation at 1. 4 Weight Percent Oxym Lavel. -
Specimen Sm.hwed with Gold ' 7 o




Figure § Scanning Electron Mlcrosculx. {SE M), Enerpy Dispersion Analysis
X-Ray (EDAX) of an Fe23CrGAl 2Y Powder Particle, No Detactable o
‘Break-Away Oxidition at 1,1 Weight Percent Oxygen Level
Specimen Shadowed with Gold .
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2062 + v/o OXIDE

‘Figure 7 Photomicrographs Showing (500X) Microstructure of As-Bxtruded Oxide
Dispersion Strengthcned FeCrAlY Alloys
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Figure 9

2562 + 4 v/o OXIDE 2X

2062 + 4 v/o OXIDE 2X

Photomacrographs Showing the Structure of Oxide Dispersion Strengthened
FeCrAlY Alloys in the Lod Rolled and Furnace Recrystallized Condition




1.5X

1.5X

1.5X

2062 + 4 v/o OXIDE 0.8Xx

1.5

Figure 10 Photomacrographs Showing the Structure of Oxide Dispersion
Strengthened FeCrAlY Alloys in the Rod Rolled and Directionally
Recrystallized Condition

iy




Temperature, °F

v f

| T T 1
/\ 500 Hour Age ‘
O Soluttonting
Exposurou after] i
1 ¥3 4 500 hour Age
1400 | oJole’ -
41 43 44
1300 |- O00 -
+1 43 #3
1200 |- Q0 c -]
1100 |- / -
/ o
1] +2] +3
A A
1000 | , - :
/ .
900 | /
+10 +16 19 .
' AAA ’
800 1 | 1 A h
0 20 20 0 80 100
Pe - cr
¥t. % Cr

Figure 11 Fe Cr Binary Diagram Showing Estimated Psuedo-Binary a/a' 4
Boundary for Fe, Cr - 8% Al Alloys. Aging Exposures of ODS Alloys

1562, 2062 and 2562 are shown as Triangles, While Solutioning Exposures

of Material Aged at Both 342 and 1035F for 500 Hrs. are Shown as Circles.
The Number Corresponding to Each Point Indicates the Increase. Over Unaged
Hardness associated with Each Exposure.

Phase
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AGED AT 1025"F FOR 500 HOURS 4000X

Figure 14 Electron Photomicrographs Showing the Microstructure of 2062 + 4 v/o
Oxide Alloy in the Directionally Becrystamled and Aged Condition :
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AGED AT 1025°F FOR 300 HOURS  4000X

Flgnre 15 Electron Photomicrographs axowing the Illcmtruchu of 2562 + 4 v/o
(hidt Alloy ln the mucﬂomny Reerntﬂlized and Apd Couﬂtlon




Figure 16 Scaaning Electron Microscope (SEM)/Energy Dispersion Analysis
X-ray (EDAX) of 2562 + 4 v/o Oxide Alloy Aged at 1025°F for
500 Hours. The Nearly Equi-atamic Cr and Fe Content Indiuten

the Puciplhte to be Sigma Phage (c)
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Figure 17

8730X

Scanning Electroan Microscope (SEI)/xn.rgy Dispersion Analysis X-Ray
{EDAX) of 2563 + 4 v/0o Oxide Alloy Aged at 1023°F for 300 Hours.

The Nearly Bqui-atomic Cr and Fe Content Indlcates the Pmlpltato
to be sxm Phasa (u)
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Figure 18 Tensile Properties of 2062 + 4 v/0 Oxide Alloy in the Directionally Recrystal-
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Figure 19 Tensile Properties of 2582 + 4 v/o Oxide Alloy in the Directionally
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Figure 20 Mwtograph of
Specimen Showing
Exposure in Air for 100 Hours

63

iX

a 1562 + 4 v/o Oxide Alloy .060" Thick Sheet
"preakeway Oxidation After 2 2400°F




1002 + 4 v/c 1562 + 4 v/o 2062 + 4 v/o 2562 + 1 v/o

Figure 21 Photomacrographs of Oxide Dispersion Strengthened FeCralyY Alloy Showing
Resistance to "Breakaway" Oxidation Subsequent an Exposure at 2400°F in
Air for 70 Hours.  The Extruded Segments Were Left in the Mild Stee)
Extrusion Jacket to Initiate a Catastrophic Oxidation Rate and Test the
Alloys Healing Ability 3X
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2062 + 4 v/o
CYCLED

2582 + 4 v/o

2062 + 4 v/c
CYCLED

2562 + 4 v/o0

2062 + 4 v/o

1541 CONV,
CYCLED

2062 + 4 v/o

1541 CONV,
CYCLED

2562 + 4 v/o
CYCLED

2541 CONV,
CYCLED

270N

~———

2562 + 4 v/o
CYCLED ’

iy

sty et

2200°F

2400°F

Figure 22 Photomacrographs (1,5 X) Showing the Oxidation Resistance of Oxide
Dispersion Strengthened FeCrAlY Alloys in Comparison to Conventional

Cast and Wrought Alloys,

in Air for 500 Hcurs.

Furnace Exposures Were at 2200° and 2400°F
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HOT ZONE

FLAT INDUCTION COIL

Figure 23 Schematic Diagram of Induction Coil Heat Source and Water Cooled Copper Chill
Block Combinations Used o Produce Elongated Microstructures in the DR Process

13




I oA oreasst w2 INE,

Longitudinal

Extrugion Direction
long.
/ P P Trans,
Py ®)
e
Specimen

(A — " A

LB

-
>

Short Trasns. (C)

{111] or [11i0]

{210]

Figure 24 Orientation and Shape of DR Specimen Relative to Extrusion Direction {top)
Microstructures Achieved When DR Processed in Direction of Arrows (bottom)




Figure 25 Photomacrographs (4X) of 1562 + 4% Oxide Alloy Streas Rupiure
Specimens which were Directionally Recrystallized in the Short
Trangverse Direction. The Brase Joined Specimens Were Ground

_Longitadinally and are Shown in the Macro-eicied Coadition. The
_ Location of the Braze Joints are Indicated by the Arrows -
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L Ve
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Figure 26 Photomacrographs or 1562 + 4 v/o Oxide Alloy Stress-Rupture
Specimens. Specimen No, 25 was Directionally Recrystallized
in the Long Trausverse Direction, Specimen No. 4 was a
Furnace Recrystallized Longitudinal Specimen,
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Figure 27 Larsen Miller Plot Showing the Effect of Grain Size on

the Rupture Strength of Oxide Dispersion Strengthened
FeCrAlY Alloys .
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